BRAF inhibitor (BRAFi) therapy is associated with the induction of neoplasia, most commonly cutaneous squamous cell carcinoma (cuSCC). This toxicity is explained in part by "paradoxical ERK activation," or the hyperactivation of ERK signaling by BRAFi in BRAF wild-type cells. However, the rate of cuSCC induction varies widely among BRAFi. To explore this mechanistically, we profiled paradoxical ERK activation by vemurafenib, dabrafenib, encorafenib (LGX818), and PLX8394, demonstrating that vemurafenib induces ERK activation the greatest, while dabrafenib and encorafenib have higher "paradox indices", defined as the pERK activation EC 80 divided by the IC 80 against A375, corresponding to wider therapeutic windows for achieving tumor inhibition without paradoxical ERK activation. Our results identify differences in the paradox indices of these compounds as a potential mechanism for the differences in cuSCC induction rates and highlight the utility of using ERK activity as a biomarker for maximizing the clinical utility of BRAFi.
INTRODUCTION
In 50% of cutaneous melanomas, activating mutations in BRAF drive tumor survival and proliferation through ERK activation [1] . Vemurafenib and dabrafenib were the first selective BRAF inhibitors (BRAFi) approved for clinical use in 2011 and 2013, respectively, and have clinical response rates of about 50% in BRAFmutant melanoma [2] . Newer BRAFi such as encorafenib (LGX818) and PLX8394 have distinct biochemical properties and are still in clinical trials (NCT01909453) [3, 4] ; (NCT02012231) [5] . For example, encorafenib is known to have a relatively long off-rate [6] , and PLX8394 does not activate ERK in BRAF-wild-type cells.
Monotherapy with vemurafenib, dabrafenib, and encorafenib induces neoplasia, most often cutaneous squamous cell carcinoma (cuSCC), at rates of approximately 22%, 6%, and 3.7%, respectively [3, [7] [8] [9] [10] [11] [12] [13] [14] , averaged across multiple phase I-III trials conducted in heterogeneous patient populations. This effect has been attributed predominantly to "paradoxical ERK activation," or the ability of BRAFi to stimulate RAF signaling in BRAF wild-type contexts, activating ERK and driving oncogenesis [15] [16] [17] [18] [19] . Paradoxical ERK activation is most pronounced in RAS-mutant cells; accordingly, activating HRAS mutations are present in up to 60% of vemurafenib-induced cuSCC [20, 21] . Presumably, RAS mutations pre-exist in epidermal keratinocytes prior to BRAFi administration and druginduced ERK activation drives tumor formation. Though the effects of paradoxical ERK activation most often manifest as cuSCC induction, cases of NRAS-mutant leukemia and new primary BRAF wild-type melanomas have also been reported [22, 23] . Concomitant inhibition of MEK substantially decreases but does not eliminate cuSCC induction [24, 25] . We have shown that at clinically relevant doses, vemurafenib, but not dabrafenib, potently inhibits JNK signaling and suppresses apoptosis, which cooperates with paradoxical ERK activation to induce tumors [8] . This effect is also seen with the pan-RAF inhibitor sorafenib [26] . www.impactjournals.com/oncotarget
While it is clear that BRAFi induce cuSCC with varying efficiency, it is unknown why this is the case, even though the most extensively tested inhibitors, vemurafenib and dabrafenib, appear to have similar efficacy in melanoma [7, [9] [10] [11] [12] [13] [14] . We have shown that paradoxical ERK activation accounts for up to 82% of the effect on paradoxical oncogenesis, with the remainder accounted for by off-target inhibition of JNK signaling, which is very prominent with vemurafenib but not dabrafenib [8] . While this might account for the relatively high rate of cuSCC induction with vemurafenib relative to dabrafenib, paradoxical ERK activation has not been directly compared amongst the various BRAFi.
To address this question, we profiled four BRAFi in parallel to explore how patterns of paradoxical ERK activation differed across clinically relevant concentrations. Both the magnitude of peak paradoxical ERK activation and the time course of activation were unique to each inhibitor. We estimated an EC 80 for inducing ERK activation for each BRAFi, which was then compared to the IC 80 for growth inhibition of BRAFmutant melanoma cells to derive a paradox index as a means of quantifying a therapeutic window of high clinical efficacy and minimal paradoxical ERK activation. Using these criteria, we identified a potential basis for the clinical observation that BRAFi differ substantially in their ability to induce cuSCC thus highlighting an important potential role for using ERK activity as a biomarker with which to optimize the clinical utility of BRAFi.
RESULTS

BRAFi have unique paradoxical ERK activation profiles
Four distinct BRAFi were profiled for paradoxical ERK activation across a range of inhibitor doses effective against the BRAF mutant melanoma cell line A375 in vitro. The immortalized BRAF wild-type human keratinocyte cell line HaCaT, stably expressing HRAS G12V [27] , was used to model cutaneous epidermal keratinocytes susceptible to paradoxical ERK activation, since this occurs most prominently in the context of mutant RAS. HaCaT HRASG12V cells were exposed to drug for 15 minutes and ERK activation was measured by quantitative western blotting for phosphorylated ERK (pERK) normalized to a total ERK loading control (tERK) (Figure 1a-1d) . To compare ERK activation profiles against the effect of melanoma growth inhibition, cell viability at 72 hours with the BRAF mutant cell line A375 was assessed in parallel ( Figure 1 Table 1 ). Potency against A375 was not proportional to pERK induction potency. Therefore, we defined the "paradox index," an in vitro surrogate of a therapeutic index calculated by Table  1 ), and encorafenib had the largest at 50 which correlates well with overall rates of cuSCC and perhaps explains how it has comparable cuSCC induction to dabrafenib despite substantially stronger peak pERK induction [3, 4] ( Figure 1c , Table 1 ).
Vemurafenib treatment induced pERK more strongly than the other BRAFi, reaching 6.86 ± 1.27 fold above DMSO control at its peak ( Figure 1a , Table 1 ). This was significantly greater than dabrafenib and encorafenib treatment induced peaks, which were 2.76 ± 0.34 and 4.08 ± 0.16 fold higher, respectively, consistent with their lower clinical cuSCC induction rates [7] (Figure 1b-1c, Table 1 ). Consistent with its design as a paradox breaker, PLX8394 did not stimulate ERK activation ( Figure 1d , Table 1 ) even up to 50 μM (not shown) [5] . It has not been reported whether PLX8394 induces cuSCC in humans [5] .
Time-course profiles reveal short-term peak ERK activation
One unresolved issue was whether paradoxical ERK activation, which occurs quickly following drug administration (Figure 1 ), is sustained. Multiple feedback loops would be expected to dampen down the initial peak response [28] , and very high levels of ERK activation lead to cell cycle arrest [29, 30] . To examine the kinetics of activation profiles and to test whether ERK activation was sustained, we performed a time course experiment spanning 72 hours of drug exposure (Figure 1e-1h) . To model paradoxical ERK activation at clinically relevant doses, each inhibitor was tested in parallel at their respective IC 80 against A375 cells (Table 1) . Aside from PLX8394, the general kinetics of ERK activation was similar among of all tested inhibitors, peaking at 6 hours and returning to lower, stable levels by 24 hours (Figure 1e-1h) , while recapitulating the magnitude of peak induction in the 15 min ERK profile (Figure 1a-1d) .
Peak ERK activation by vemurafenib at 6 hours was 7.07 ± 1.96 fold above control, and was again the highest of all tested inhibitors ( Figure 1e ). As before, dabrafenib and encorafenib stimulated ERK at lower levels, (Figure 1f-1g) , at 3.90 ± 0.34 and 4.04 ± 0.16 fold above control, respectively (Figure 1f-1g, Table 1 ). As before, PLX8394 did not activate ERK significantly (Figure 1h , Table 1 ).
To quantify the total time-integrated amount of ERK activation with each inhibitor over 72 hours, we calculated the area under the curve (AUC) for each induction curve in each time course (Figure 1e-1h) . Consistent with short-term peak pERK induction at early time points, vemurafenib treatment incurred the highest integrated ERK activation over 72 hours (116.6 hr*pERK/tERK, Table 1 ). Dabrafenib and encorafenib had smaller total integrated ERK activation profiles as well. The AUC for dabrafenib was 54.1% of that of vemurafenib (63.1 hr*pERK/tERK, Table 1 ), and the AUC for encorafenib was 38.6% of that of vemurafenib AUC (45.0 hr*pERK/tERK, Table 1 ). The AUC for PLX8934 was negligible at 5.8 hr*pERK/tERK (Table 1) . Overall, ERK activation, as measured by peak activation and the time-integrated AUC, was strongest for vemurafenib. Dabrafenib and encorafenib had lower, and the lowest levels of total ERK activation by these metrics, respectively, among the ATP-competitive BRAFi we tested, correlating again with cuSCC induction rates. ERK activation by PLX8394 was negligible as expected.
Off-target inhibition of JNK signaling is most relevant for vemurafenib, which has the highest growth-promoting effects Because suppression of JNK-dependent apoptosis is another mechanism that contributes to cuSCC development [8, 26] , BRAFi were tested in HaCaT cells for apoptosis suppression after UV-treatment at their IC 80 concentrations against A375. Vemurafenib treatment significantly suppressed apoptosis to levels 79.2% of control ( Figure 2a , Table 1 ). No other inhibitor suppressed apoptosis at the IC 80 against A375 (Figure 2a , Table 1 ). This suggests that clinically relevant inhibition of melanoma can be achieved without detectable apoptosis suppression, particularly with dabrafenib, encorafenib, and PLX8394. This reinforces conclusions from our paradox profiles that with the exception of vemurafenib, BRAFi dosage can be calibrated to obtain maximal effect against melanoma with minimal toxicity. To link our findings in paradoxical ERK activation and JNK signaling suppression to cellular proliferation over a sustained period of drug exposure, colony growth assays were performed with each compound at their IC 80 . Consistent with mechanistic observations, vemurafenib treatment strongly increased colony growth 53% above control ( Figure 2b , Table 1 ). Dabrafenib and encorafenib treatment stimulated growth equivalently (21-22%) ( Figure 2b , Table 1 ). As expected, PLX8394 treatment failed to increase growth ( Figure 2b , Table 1 ).
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DISCUSSION
The development of BRAFi has been an unprecedented effort that has revolutionized the treatment of BRAF-mutant melanoma. Although the sequence of available BRAF inhibitors has begun to follow a general trend towards lower clinical toxicity and higher potency, no formal side-by-side comparison has been published, particularly with respect to paradoxical ERK activation, a significant driver of common toxicities [8, [15] [16] [17] [18] [19] . Furthermore, no mechanistic understanding of why these toxicities differ so significantly between these compounds has been advanced. Here, we studied four BRAFi and generated ERK activation profiles in conjunction with inhibition profiles against BRAF-mutant A375 melanoma cells. Two potential explanations for differences in cuSCC induction rates between BRAFi emerged: (1) differing degrees of peak and time-integrated pERK/tERK induction and (2) different "paradox indices." This measure, the paradox index, is meant to be an in-vitro estimation of a therapeutic window, reflecting a concentration range within which efficacy against BRAF-mutant melanoma Table 1 . (*p<0.05; *** p<0.001; NS = not significant, n≥3 for all data points). www.impactjournals.com/oncotarget cells is maximized while paradoxical ERK activation is minimized.
It is clear from our study that each BRAFi has distinct clinical toxicity, paradox index (Table 1) , and apoptosis suppression profiles (Figure 2a) . The defining feature of vemurafenib was strong maximum paradoxical ERK induction that was 1.48-to 2.49-fold higher than other profiled inhibitors (Figure 1, Table 1 ), an overall effect that was maintained within the first 6 hours of the time course experiment (Figure 1e-1h, Table 1) , and in the timeintegrated AUC curves (Table 1) . Since ERK activation is an important driver of proliferation in BRAFi-induced tumors, substantially stronger ERK induction with vemurafenib is consistent with its greater rate of cuSCC induction as compared to dabrafenib and encorafenib [3, [7] [8] [9] [10] [11] [12] [13] [14] .
Importantly, dabrafenib and encorafenib both stimulated ERK more modestly by all metrics, but also had substantially higher paradox indices, suggesting that more of each inhibitor can be tolerated before paradoxical ERK activation-driven toxicities would be expected to become evident. Encorafenib had the largest paradox index, which was 5-fold higher than that of dabrafenib, consistent with encorafenib having the lowest reported cuSCC induction rate to date [3] . The wide indices for these two compounds suggest that therapeutic benefit can be optimized against paradoxical ERK activation-driven toxicities clinically, particularly by using ERK activity or pERK/tERK levels as a biomarker.
Interestingly, the profiles of ERK activation all decreased with increasing concentration into the micromolar range (Figure 1 ). This likely reflects increasing suppression of CRAF activity, which is required for paradoxical ERK activation, and a smaller proportion of RAF dimers in which only one protomer is drug-bound [15] [16] [17] [18] [19] .
ERK activation for all compounds tested stabilized to lower levels after 72 hours (Figure 1e-1h) . Nevertheless, the mechanistic trends inferred from short-term activation profiles, and more importantly clinical cuSCC induction rates, were consistent with AUC measurements when cells were treated at the IC 80 against A375 cells. Vemurafenib had the largest measured AUC, consistent with the strongest short-term induction of ERK and highest clinical cuSCC rate (Figure 1a, 1e, Table 1 ) [9] [10] [11] . The total paradoxical ERK activation effect, as quantified by the AUC for dabrafenib, was approximately 2-fold lower than the AUC for vemurafenib, correlating with lower peak ERK induction, a wider paradox index, and a lower cuSCC induction rate (Figure 1b, 1f, Table 1 ) [12] [13] [14] . Finally, encorafenib had the lowest AUC of all of the non-paradox breaker BRAFi tested, which was also consistent with its low peak ERK activation, the widest paradox index of the BRAFi tested with detectable paradoxical ERK activation, and the lowest reported cuSCC induction rate (Figure 1c,  1g , Table 1 ) [3] . Although ERK activation profiles were unique for each BRAFi, paradoxical ERK activation is a general property of this class of compounds, and similar paradoxical effects are seen with other kinase inhibitors, notably for AKT [31, 32] .
These profiles are not only consistent with clinical observations, but they highlight a possible mechanism for the differing rates of BRAFi associated toxicities and suggest that ERK activity can be used as a biomarker to optimize the therapeutic window for these drugs. Importantly, these compounds have differing biochemical properties and the differences in paradox indices may reflect differing selectivity and potency against mutant BRAF and CRAF [33, 34] . Differences in in-vivo pharmacology and complementary mechanisms such as JNK pathway inhibition exist and vary distinctly between BRAFi [8] . Finally, while our study focused on RAS mutant cells, in which paradoxical ERK activation appears to be strongest, this activation occurs in other contexts as well, including EGFR and HER2 overexpression [5] .
The number of compounds with overlapping targets and subtle pharmacological differences in the physician's toolbox is expanding. As more complex treatment strategies evolve, such as multiple-combinations and personalized dosing, it will be important to have rigorous comparisons of inhibitor properties before implementing treatment rationally.
MATERIALS AND METHODS
Inhibitors
Vemurafenib and dabrafenib were purchased from Selleck Chemicals. PLX8394 was graciously supplied by Chao Zhang, PhD (Plexxikon), and encorafenib by Darrin D. Stuart, PhD (Novartis). All inhibitors were dissolved in DMSO (Sigma). The final DMSO concentration in all experiments described was 0.05% (v/v). All other chemical reagents, if not otherwise specified, were from Fisher.
Cell culture
HaCaT HRASG12V were provided by Ulrich Rodeck, PhD (Thomas Jefferson University) and propagated in CellGro DMEM F12 50/50 (Corning) supplemented with 10% HyClone FBS (Invitrogen), CellGro glutamine (Corning), Primocin (Invivogen), and 40μg/ml G418 (Santa Cruz Biotech). A375 was obtained from Suhendan Ekmekcioglu, PhD (MDACC) and were propagated in HyClone RPMI-1640 (Invitrogen) supplemented with 5% HyClone FBS (Invitrogen), CellGro glutamine (Corning), and pen/strep (Corning). All lines were authenticated via the MDACC internal STR profiling service and matched to existing databases.
Cell viability
A375 cells were plated in culture media into a black-walled 96-well microtiter plate (Corning) overnight. Cells were treated for 72 hours and viability was assessed with Cell Titer Glo (Promega) according to manufacturer's instructions. Sigmoid curve fitting was a four parameter logistic equation implemented with Prism (GraphPad Inc.), fit to normalized values for cell viability. IC 80 values and associated errors were calculated from the model fit.
Cell lysates and western blotting
HaCaT HRASG12V were plated in culture media with 1% FBS (Invitrogen) overnight before drug treatment. Short-term experiments were treated for 15 minutes before lysis. For time course experiments, media and drug were refreshed at 36 hours. Cells were lysed in MPER Extraction Buffer (Thermo) supplemented with Halt Phosphatase and Protease Inhibitor (Thermo). After clearing lysates with centrifugation, protein concentration was normalized with BCA Assay (Thermo), and 15μg total protein/well was loaded into 1.5mm 10% SDS-Polyacrylamide gels after denaturation in standard SDS-loading dye. Running and transfer were in Tris-Glycine buffer (25 mM Tris, 192 mM glycine). Running buffer was supplemented with 0.1% SDS and transfer buffer with 20% ethanol. Transfer was onto a PVDF Immunobilon Membrane (Millipore).
Primary antibodies for western blotting were from Cell Signaling: rabbit phospho-ERK1/2 (D13.14.4E) and mouse total-ERK1/2 (3A7). Secondary antibodies were from LiCor: IRDye 680RD goat anti-rabbit IgG and IRDye 800CW goat anti-mouse IgG. Fluorescent western double staining was developed on the Odyssey fluorescent western system (Li-Cor) graciously supplied by Craig D. Logsdon, PhD.
ERK activation analysis
Band intensity quantification was performed with ImageStudioLite (Li-Cor). pERK and tERK signal was measured only from ERK2, taken to be indicative of both isoforms' activation levels. Each pERK band was normalized to corresponding tERK signal, and pERK/tERK signal was further normalized to DMSO controls run in triplicate. To calculate EC 80 s, a four parameter logistic equation was fit (GraphPad Inc.) to induction curve excluding data points at higher concentrations past peak activation. To accurately model dose response using compounds without defined plateaus, the "top" parameter for every fit was constrained to the peak value listed in Table 1 .
Time course band quantification was performed as described above on time course western blots. In addition measuring pERK/tERK intensity at each time point, area under the curve measurements were implemented using the trapezoid method (GraphPad, Inc.).
Apoptosis assay
UVB irradiation (700 J/m 2 ) was administered using an FS40 sunlamp, calibrated with an IL1700 radiometer. Cells were pretreated 1 hour before treatment in PBS, followed by a 24 hour incubation in drug-containing media. Cells were harvested and stained with TMRE (Invitrogen) and Annexin-V-FITC (Invitrogen). Data was collected on a Fortessa (Becton Dickinson) flow cytometer, and analyzed on FlowJo (Tree Start). Apoptotic cells were gated as an 'Annexin High/TMRE Low' quadrant.
Colony formation assay
Cells were plated onto 10 cm dishes at a density of 200 cells/plate. Treatment at the IC 80 against A375 for each compound was initiated the next day and media was exchanged every 2-3 days for 12 days. Development after methanol fixation was in 0.1% Crystal Violet in 25% Methanol. Plates were digitally scanned and total colony area was quantified in ImageJ (NIH).
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